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AssTracT.  Seedlings of ponderosa pine, Douglasfir, white fir, Engelmann spruce, and subapine fir
were exposed continuously to charcoal-filtered (CF) air or one of three levels of a
smulated ambient exposure typica of SO, pollution near smelters in the western United
States. Seedlings were exposed during winter-spring experiments for 60 days to hourly
means of 17, 38, and 54 ppb in 1988 and 35, 57, and 99 ppb in 1989. Sensitivities of
Species to SO, were determined from height growth, diameter growth, root, stem, and
needle weights, and from foliar injury.

Ponderosa pine in &l SO, trestments in 1989 had decreased diameter growth and
decreased needle weights compared with those in CF ar. In 1989, average diameter
growth of Douglasfir in al SO, treatments was less than those in CF ar. Diameter
growth and needle weights of ponderosa pine were correlated in al SO, treatments and
CF air. Diameter growth and needle weights of Douglasfir were correlated in dl SO,
treatments. Tip necrosis of needles occurred on a larger proportion of seedlings of all
species in high SO, than on those in CF air. Ponderosa pine and Douglas-fir were about
equaly senstive to SO, and both were more sensitive than white fir. White fir was more
senstive to SO, than Engelmann spruce and subalpine fir which were equally unrespon-
sive to SO,. For. Sci. 37(6):1538-1549.

Ao TiavaL kev WORDS. Ponderosa pine, Douglas-fir, white fir, Engelmann spruce,
subalpine fir.

pecialy in areas downwind of mgjor anthropogenic SO, sources (Smith

1990). Studies reviewed by Kozlowski and Constantinidou (1986) indicated
that SO, can reduce needle growth, height growth, diameter growth, and biomass
of conifers. Other studies reviewed by the same authors described damage to
mesophyll parenchyma, epidermis, and vascular tissues of conifer needles leading
to vishle symptoms of chlorosis, necrosis, and premature abscission. Foliar injury
was used to rank species sensitivity to SO, in studies reviewed by Davis and
Wilhour (1976).

This study used measurements of foliar injury, height, stem diameter, and
biomass to determine relative sensitivities to SO, of ponderosa pine (Pinus pon-
derosa ex P. Laws. & C. Laws.), Douglas-fir (Pseudotsuga menziesis [Mirb.]
Franco), white fir (Abies concolor [Gord. & Glend.] Lindl. ex Hildebr.), Engel-
mann spruce (Picea engelmannii Parry ex Engelm.), and subalpine fir (Abies

S ULFUR pioxipe (SO,) ASA poLLUTANT can damage forest tree species, es-
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lasiocarpa [Hook.] Nutt.). Exposure regimes simulated frequencies, durations,
and concentrations of worst-case scenarios for SO, originating from smelters in
the western United States. Species were selected on the basis of their geographic
extent in the western United States, and their importance to the economy of the
region.

EXPERIMENTAL METHODS

PLANT CULTURE

Two-year-old, bareroot white fir seedlings and one-year-old, container-grown
ponderosa pine seedlings were obtained from the California Department of For-
estry nursery a Ben Lomond in 1987 and 1988. White firs originated in Cdifornia
seed zone 531 (1,372 m, western Sierras). Ponderosa pines were from California
seed zone 522 (610 m, western Sierras). Two-year-old, bareroot Engelmann
spruce seedlings were obtained from the USDA Forest Service Lucky Peak
Nursery, Boise, ID in 1986 for exposures in 1988, and again in 1988 for exposures
in 1989. The source of Engehnann spruce seed was Warm Lake, ID. One-year-
old, container-grown Douglas-fir seedlings were obtained from Cavenham Forest
Industries, Inc., NW Timber Nursery, Aurora, OR, in 1987, and from Rex Tim-
ber, Inc., Cottage Grove, OR, in 1988. Douglas-fir was obtained from Oregon
seed zone 471 (610 m, western Cascades). Two-year-old subalpine fir seedlings
in containers were obtained from Plants of the Wild, Tekoa, WA in 1986 for
exposure in 1988, and again in 1988 for experiments in 1989. Subapine fir seed
source was south of Lewiston, ID (1,372 m).

In April 1986, 1987, and 1988, seedlings were transplanted to Dee-cells (6.4 cm
x 25.4 cm, Stuewe and Sons, Corvallis, OR) in Pro-Mix B:perlite (1:1 v/v). Soil
moisture optimal for plant growth was maintained by adding tap water through a
drip irrigation system (Chapin Watermatics Inc., Watertown, NY). A solution of
liquid nutrients (North Carolina State University Phytotron Nutrient Mix) was
applied once every 2 to 3 weeks from March through October 1987 and once
every 1 to 2 weeks from March through October 1988. Plants were not fertilized
between October and March in either year. Prior to fumigation, plants were kept
in a greenhouse in which the air was filtered through charcoa and cooled by
evaporaion. The greenhouse was located a 1,387 m in the San Jacinto Mountains
22 km southeast of Idyllwild, CA (33°37'N, 116°37'W).

SO, EXPOSURE SYSTEM

Plants were exposed to SO, in modified open-top chambers (Hogsett et al. 1985)
under ambient environmenta conditions from March 4 to May 5, 1988, and from
February 9 to April 9, 1989. Chambers were located in Riversde, CA (33°57'N,
117°20'W). All chambers were supplied with charcoal-filtered (CF) air. Sulfur
dioxide was dispensed from a heated cylinder of anhydrous SO, and diluted with
dry air from a heatless air dryer (General Cable Co., Westminster, CO). Sulfur
dioxide for each treatment was introduced into the incoming stream of CF ar via
amass flow controller (Edwards High Vacuum International, Wilmington, MA)
regulated by a control and data acquisition system (Hogsett et al. 1985). Con-
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centrations of SO, in chambers were measured with a Dasibi model 4108 fluo-
rescence SO, anadyzer (Dasibi Environmental Corp., Glendale, CA).

The data acquisition system recorded hourly averages of air temperature, soil
mix temperature, and photosyntheticaly active radiation (PAR) in one chamber.
A hygrothermograph in the same chamber recorded relative humidity (RH).
Hourly averages of air temperature, PAR, and RH outside the chambers were
recorded by the data acquisition system. In 1989, a hygrothermograph recorded
temperatures and RH to which plants were exposed in the greenhouse before
being harvested. Relaive humidity and PAR during experiments were similar in
both years. The 1988 experiment was begun a month later in the year than the
1989 experiment. As a result, chamber air temperatures and soil mix tempera-
tures reached peaks that exceeded those for optimal plant growth several times
during the last half of the 1988 exposure. High temperatures resulted in severe
wilting and premature needle loss which led to the decision not to harvest seed-
lings for biomass measurements in 1988.

EXPOSURE R EGIME

Plants were exposed to SO, according to a regime that simulated frequencies,
durations, and concentrations of SO, events recorded near metal smelters in the
western United States (Hogsett et al. 1989, Lefohn et a. 1986). The base profile
represented the worst-case, high treatment with an hourly average concentration
of 66 ppb SO, over 60 days. Hourly SO, concentrations in the base profile ranged
from O to 2500 ppb (Figure 1). A medium treatment profile was made by reducing
hourly concentrations and the frequency of SO, events of the base profile to yield
an hourly average concentration of 44 ppb SO,. A low treatment profile was made
by reducing hourly concentrations and the frequency of SO, events of the base
profile to yield an hourly average concentration of 22 ppb SO,. Hourly average
SO, concentrations in 1988 were 54, 38, and 17 ppb for high, medium, and low
treatments, respectively; in 1989 they were 99, 57, and 35 ppb for high, medium,
and low treatments, respectively. Despite deviations from request concentrations
and differences between the 2 years, percent differences between high, medium,
and low treatments were maintained. Plants were treated during winter and
spring, because SO, concentrations in the air quality data record were highest
then.

EXPERIMENTAL D ESIGN AND B IOLOGICAL M EASUREMENTS

In 1988, 48 seedlings of each species were placed in each of eight chambers, two
chambers for each of three treatment levels, and two control chambers. Heights
and diameters of stems were measured before and after the fumigation. Stem
heights were measured from the cotyledon scar to the tip of the apical bud. An ink
line marked a level 2 mm below the cotyledon scar at which diameters were
measured. The mean of three diameter measurements was recorded for each
seedling.

In 1989, 20 previously unexposed seedlings of each species were placed in each
chamber. Heights and diameters of stems were measured before and after the
fumigation. After the fumigation, foliar injury of each seedling was estimated by
eye in increments of 10% of total crown area Injury symptoms included in the
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Ficure 1. Simulated exposure profiles for sulfur dioxide.

estimate were tip necrosis, necrotic banding, and premature needle abscission
(abscission of current-year or |-year-old needles). A norma approximation to the
binomia distribution was used to evaluate differences in the proportions of trees
in each treatment that showed foliar injury. Seedlings were maintained in an
air-conditioned greenhouse until early August 1989 when they were harvested
and separated into roots, stems, and foliage. Root, stem, and foliar tissue was
dried in an oven for 72 hr at 70°C before being weighed separately on an electronic
scale.

Height and diameter growth data from the five species were analyzed sepa-
rately and were compared between treatments by one-way analysis of variance
(ANOVA) using the mean response of the chambers as the analysis variable.
Separation of means was tested when the overall p-value of the ANOVA was
=(.10. Linear contrasts were used to compare the response of trees in CF air
with the average response of trees in al SO, treatments.

The model used to test biomass variables was nested (chambers within treat-
ments) and included initial height as a covariate. The covariate was significant for
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all species. Treatments were fixed and chambers were random. Sample size was
reduced to 15 seedlings per species per chamber through a combination of mor-
tality which occurred uniformly in al chambers, and random selection. Separation
of means was tested using linear contrasts when the overal p-value of the
ANOVA was <0.10. Linear contrasts were used to compare average weight
variables of seedlings exposed to al SO, treatments with those exposed to CF air.

RESULTS

HEIGHT AND DIAMETER G ROWTH

Effects of SO, on height growth after exposures in 1988 were significant for white
fir (P = 0.03) and Engelmann spruce (P = 0.01) but not for ponderosa pine,
Douglas-fir, or subapine fir (Figure 2). Height growth of white fir exposed to
medium doses of SO, was 71% greater than that of white fir in CF air. Height
growth of white fir in al SO, treatments averaged 39% more (P = 0.03) than that
of white fir exposed to CF air. Engelmann spruce in medium and high treatments

had 111% and 99% more height growth, respectively, than spruce in CF air.
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FiGure 2. Height and diameter growth of five western conifer species exposed to SO, and charcoal-
filtered air in 1988. F = charcoalfiltered air, H = base treatment, M = hase*(.67, and L =
base*0.33. Standard errors about the means are shown. Different lowercase letters indicate means
separations. P-values of ANOVAs are beneath data plots for each species. P-values of linear
contrasts comparing average height and diameter growth of seedlings exposed to all SO, treatments
with those of seedlings in CF ar are in parentheses.
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Height growth of Engehnann spruce in all SO, treatments averaged 78% more (P
= 0.004) than that of spruce exposed to CF ar. Effects of SO, on height growth
following the 1989 experiment were not significant for any of the species (Fig-

ure 3).
Effects of SO, on diameter growth of all species treated in 1988 were not

significant (Figure 2). Linear contrasts indicated that average diameter growth of
Engehnann spruce in all SO, treatments in 1988 was 33% greater (P = 0.06) than
that of Engehnann spruce exposed to CF ar. In 1989, diameter growth of pon-
derosa pine averaged 31% less (P = 0.004) in SO, treatments than in CF air
(Figure 3). Diameter growth of Douglasfir exposed to all SO, treatments aver-
aged 25% less (P = 0.07) than that of Douglasfir in CF air. Exposure to SO, did
not significantly affect diameter growth of Engehnann spruce, subalpine fir, or
white fir in 1989.

Average height and diameter growth for all treatments for all speciesin 1988
were about half of those in 1989. Seedlings obtained for the 1988 exposures were
generaly smaller than those obtained for 1989. Severe wilting and premature
needle abscission brought on by high temperatures in 1988 may have suppressed
height and diameter growth.
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Ficure 3. Height and diameter growth of five western conifer species exposed to SO, and charcoal-
filtered air in 1989. F = charcoal-filtered air, H = base treatment, M = base*0.67, and L =
base*(.33. Standard errors about the means are shown. Different lowercase letters indicate means
separations. P-values of ANQOVAs are beneath data plots for each species. P-values of linear
contrasts comparing average height and diameter growth of seedlings exposed to all SO, treatments
with those of seedlings in CF air are in parentheses.
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BIOMASS  AnaLysis

The values for dry weights of ponderosa pine foliage from the high, medium, and ;
low SO, exposures in 1989 were less than (P = 0.10) those in CF air (Figure 4), f
and the average weight of ponderosa pine foliage exposed to al SO, trestments
was 19% less than (P = 0.10) that in CF air. Average root and stem weights of
ponderosa pine exposed to al SO, treatments were, respectively, 18% and 14%
less than those exposed to CF air, athough differences were not statistically
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Fare 4. Averagedryweights of roots, stems, and foliage of five species of western conifers
exposed to SO, in 1989. Means are not adjusted by the covariate initial height. Standard errors
about the means are shown. F =charcoal-filtered air, H = base treatment, M =base*0.67,and
L =hase*0.33.P-valuesfortreatmenteffectsare beneath dataplotsforeachspecies. Different
lowercase letters indicate means separations. Significant linear contrasts (P < 0.10) comparing
average weight variables of seedlings exposed to ail SO, treatments with those of seedlings in CF
air are denoted by**,
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significant. Roots of Douglas-fir exposed to medium and high SO, doses weighed
an average of 18% less than (P = 0.10) those exposed to low SO, doses and CF
air (Figure 4). Although the difference was not satigticaly significant, the average
weight of Douglasfir foliage exposed to high and medium doses of SO, was 15%
less than that exposed to low doses of SO, and CF air. Analysis of covariance
(ANCOVA) tests were significant for stem (P = 0.09) and foliage (P = 0.02)
weights of Engelmann spruce, but means separations showed no clear relationship
between SO, dose and these variables (Figure 4). ANCOVA tests were not
significant for white fir or subapine fir. There was an unusua trend of increasing
root, stem, and needle weights with increasing SO, dose for white fir.

Foliage weights of ponderosa pine exposed to al treatments and foliage weights
of Douglasfir exposed to low, medium, and high doses of SO, were significantly
correlated with diameter growth (Table 1). The remaining significant correlations
of weight variables with diameter or height growth of ponderosa pine, Douglasir,

TABLE 1.

Correlation coefficients relating stem diameter growth or height growth to dry
weights of roots, stems, or needles of seedlings exposed to SO, treatments
and charcod-filtered air in 1989.

Corrdlation  between diameter Correlation between height
growth and dry weights of growth and dry weights of
Species and
treatment Roots Stems Needles Roots Stems Needles
Ponderosa pine
Filtered-air 041 0.58* 0.61* 0.30 020 0.37
Low 0.36 0.60* 0.75%** 0.64** 0.58* 041
Medium 0.45 043 0.69*** 0.27 0.26 032
High 041 046 0.72%% 048 053 042
Douglasir
Filtered-air 018 042 050 -0.07 022 0
Low 0.62%* 047 0.67%%* 0.04 020 022
Medium 031 0.58*% 0.68*** 0.01 017 015
High 0.65%* 0.57* 0.70%%= 0.30 047 046
White fir
Filtered-air 0.16 032 0.17 -0.40 - 043 -0.45
Low 0 0 0.06 -0.39 -0.41 -0.30
Medium -0.06 -0.06 0.08 -0.20 -0.28 -0.11
High 0.05 020 021 0.01 0.10 0.07
Engelmann  spruce
Filtered-air 0.10 020 0.02 0.14 024 0.35
Low 0.05 0.27 -0.02 -0.17 0 0.14
Medium -0.10 -0.18 -0.21 -0.06 0.05 0
High 0.53+ 044 031 -0.08 0 0.09
Subalpine fir
Filtered-air 0.69** 0.30 0.74+** 0.26 -0.01 035
Low 0.44 014 029 0.09 -0.25 0.02
Medium 0.22 0.05 012 043 0.28 0.27
High 042 041 047 0.23 0.27 0.35

Bonferonni adjusted probabilities of significant correlation coefficients; *** = p =< 0.002, ** =
<£0.01,*=P<0.05 and += P <0.10.
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Engelmann spruce, and subalpine fir occurred without any apparent pattern.
There were no significant correlations of any variables for white fir.

Effects of exposure on the ratios of root weights to weights of the following:
stems, first-year foliage, second-year foliage, first-year plus second-year foliage,
stems plus first- and second-year foliage, stems plus first-year foliage, and stems
plus second-year foliage were tested by ANOVA. There were no statistically
significant differences among treatments (data not shown).

FOLJAR  INURY

The most common needle injury symptom was tip necross. A greater proportion
of trees of all species exposed to high doses of SO, had needle tip necrosis
compared with those in CF air (Table 2). A greater proportion of ponderosa pine,
Douglas-fir, and white fir exposed to medium doses of SO, had needle tip necrosis
compared with those in low doses of SO, and CF air. Average percentages of

TABLE 2.

Tip necrosis and necrotic banding on foliage of five species of western conifers
treated with SO, and charcoal-filtered air in 1989.

Number of  Average % Number of  Average %
Tota number  trees with  crown with  trees with  crown with

Species and of trees per needle tip needle tip necrotic necrotic

treatment treatment Necrosis Necrosis banding banding
Ponderosa  pine

Filtered-air 37 3c 21 Ob 0

Low 39 5c 20 Ob 0

Medium 40 12 b 26 3a 7

High 38 3 a 36 6a 14
Douglas-fir

Filtered-air 37 4c 20 Ob 0

Low 40 4¢ 38 Ob 0

Medium 39 16 b 27 I'b 10

High 39 2% a 37 11a 9
White fir

Filtered-air 38 2c 8 Ob 0

Low 38 lc 20 Ob 0

Medium 40 13 b 16 b 1

High 39 2 a 44 4a 10
Engehnann  spruce

Filtered-air 38 b 90 0 0

Low 36 Ib 10 1 30

Medium 40 2b 22 0 0

High 39 15a 36 10
Subalpine fir

Filtered-air 38 16 bd 25 1 30

Low 40 10c 16

Medium 40 2 d 22 5

High 40 27 a 25 2 8

Different lowercase |etters indicate differences (P < 0.05) in the proportion of trees among
treatments within a species affected by needle tip necrosis and necrotic banding based on an approx-
imation to the normal distribution.
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crowns damaged by tip necrosis on affected ponderosa pine and white fir in-
creased as SO, dose increased. A greater proportion of ponderosa pine in high and
medium SO, treatments had necrotic banding compared with those in low SO,
treatments and CF air. The average percentage of crowns damaged by necrotic
banding on affected ponderosa pines in the high SO, treatment was twice that of
those in the medium SO, treatment. The proportion of Douglasfir and white fir
with necrotic banding was greater in high doses of SO, than in low and medium
doses of SO, and CF air. Twenty seedlings of each species exposed to the high
SO, treatment and CF air were assessed for premature needle loss a the end of
the 1989 experiment. A greater proportion (P < 0.05) of Douglasfir, white fir,
and Engelmann spruce exposed to high doses of SO, lost needles prematurely
compared with those exposed to CF ar (data not shown).

DISCUSSION

The most consistent response of all species was a significant increase in needle tip
necrosis associated with increasing SO, dose. Necrotic banding occurred more
often on ponderosa pine, Douglasfir, and white fir exposed to high doses of SO,
than on those in CF air. Needle tip necrosis and necrotic banding are common
foliar symptoms of conifers exposed to SO, (Skelly et al. 1987). Foliar injury
symptoms were more common on seedlings of al species in 1989 than were
effects to stem dimensions and biomass. This was probably due to the short
duration of the experiment and the fact that the exposure was begun a few weeks
prior to bud break. Seedlings of all species were dormant when the fumigation
began. Engelmann spruce and subalpine fir “broke bud” after 13 days of exposure
in 1989. Growth of ponderosa pine, Douglasfir, and white fir had begun by the
end of the first half of the 1989 exposure. Thus, the observed decreases in
diameter growth and needle weights of ponderosa pine, and decreases in diameter
growth and root weights of Douglasfir in 1989 were most probably effects of SO,
exposure on expanding current-year foliage.

Diameter growth, foliage weights, and foliar injury of ponderosa pine and
Douglas-fir in 1989 showed more negative effects from SO, than white fir, En-
gelmann spruce, and subalpine fir. For ponderosa pine and Douglasfir in 1989,
there was a link between SO, dose, reduced diameter growth, and less total
foliage weight. Indeed the average total foliage weight of ponderosa pine seedlings
exposed to all SO, treatments was less than that of those in CF air. Exposing
ponderosa pine to hourly mean concentrations of 57 and 99 ppb SO, had no
greater effect in decreasing diameter growth and foliage weights than did an
hourly mean of 35 ppb. This response of ponderosa pine suggests a threshold
dose at which damage from SO, occurs, a concept advanced by O’Gara (1922).
However, al three treatment doses of SO, in our study were administered over
60 days, and we did not expose any seedlings to high concentrations of SO, over
short time periods (e.g., severa hours).

The datigticaly significant differences among treatments from the 1988 expo-
sure (Figure 2) were not substantiated by data from the 1989 exposure. It is
unclear whether the instances of increased height and diameter growth in 1988,
in seedlings exposed to SO, compared to those in CF air, are effects of treatments
or aberrations affected by heat stress. In any case, a stress-induced stimulation
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of shoot growth may not benefit seedlings but may indicate a shift in carbon
alocation, perhaps to repair or replace damaged tissue.

Based on our results, ponderosa pine and Douglas-fir were about equally sen-
sitive to SO,, and both were more sensitive than white fir. White fir was more
sensitive to SO, than Engelmann spruce and subalpine fir, which were about
equally unresponsive to SO,. Previous observations of foliar injury on mature
trees resulted in the following rankings of species in order of decreasing sens-
tivity to SO,; Douglasfir, ponderosa pine, Engelmann spruce, and white fir (Katz
et a. 1939); and subapine fir, Douglasfir, Engelmann spruce, and ponderosa pine
(Scheffer and Hedgecock 1955). The exposure which most closely resembled that
of our study was the natura field exposure reported by Scheffer and Hedgecock
(1955). The difference in tree ages may explain why their results differed from
ours.

Previous experiments with seedlings produced the following rankings of species
from most to least sensitive: Douglas-fir, subapine fir, ponderosa pine, and white
fir (Hi et a. 1974); and from intermediate to tolerant: ponderosa pine, Douglas-
fir, Engelmann spruce, and white fir (Davis and Wiiour 1976, Davis and Gerhold
1976). Results of “square-wave” fumigations reported by Hill et al. (1974) and
Davis and Gerhold (1976) are difficult to compare with those of our simulated
exposure profile. Ponderosa pine has been described as sensitive (Linzon 1972),
“relatively susceptible” (Barrett and Benedict 1970), and “very susceptible’
(Ranft and Dasser 1970) to SO,. Douglasfir has been described as sensitive to
SO, (Linzon 1972). These descriptions agree with our findings.

The purpose of using winter-spring exposures was to simulate actua conditions
near point sources of SO,. In winter, cold night temperatures cause ground-based
inversons to persist until late morning, alowing the buildup of SO,. The exposure
profile used in our experiments supplied many of the highest concentrations when
light was limited, a time when stomates are usually closed. Maclean et d. (1986)
found that Douglasfir and four species of pine did not accumulate sulfur and did
not develop foliar injury when fumigated in winter with concentrations of SO, that
would have produced injury in summer. Our results, indicating the sengtivity of
ponderosa pine and Douglasfir to SO,, are best applied in the context of winter-
spring exposures near point sources of SO, in the western United States.
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